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Abstract

Objective

In adults, there is evidence that the improvement of metabolic associated fatty liver
disease (MAFLD) depends on the reduction of myoesteatosis. In children, where the
prevalence of MAFLD is alarming, this muscle-liver crosstalk has not been tested.
Therefore, we aimed to explore whether the effects of a multicomponent intervention on
hepatic fat were mediated by changes on intermuscular abdominal adipose tissue

(IMAAT) in children with overweight/obesity.

Research design and methods

A total of 116 children with overweight/obesity were allocated to a 22-week family-
based lifestyle and psychoeducational intervention (control group, N=57), or the same
plus supervised exercise (exercise group, N=59). Hepatic fat percentage and IMAAT
were acquired by magnetic resonance imaging at baseline and at the end of the

intervention.

Results

Changes in IMAAT explained the 20.7% of the improvements in hepatic steatosis
(P<0.05). Only children who meaningfully reduced their IMAAT (i.e., responders),
improved hepatic steatosis at the end of the intervention (within-group analysis;
responders: -20%, P=0.005 vs. non-responders: -1.5%, P=0.803). Between-group
analysis showed greater reductions in favour to the IMAAT responders compared to the

non-responders (18.3% vs. 0.6%, P=0.018) regardless of overall abdominal fat loss.

Conclusions



The reduction of IMAAT has a relevant role over the improvement of hepatic steatosis
after a multicomponent intervention in children with overweight/obesity. Indeed, only
those children who achieved a meaningful reduction in IMAAT at the end of the
intervention reduced their percentage hepatic fat independently of abdominal fat loss.
Our findings suggest that abdominal muscle fatty infiltration could be a therapeutic

target for the treatment of MAFLD at childhood.



Introduction

Non-alcoholic fatty liver disease (NAFLD, recently named as metabolic-associated fatty
liver disease, MAFLD) is currently a leading cause of cirrhosis and hepatocellular
carcinoma worldwide (1). Indeed, MAFLD has become the most common chronic liver

disorder affecting 25% of the world adult population (1).

In parallel with the childhood obesity epidemic, paediatric MAFLD is affecting to
nearly 8% of the general population and about 35% of children with overweight or
obesity (2). Children with MAFLD have higher rates of overall, cancer-, liver- and
cardiometabolic specific mortality compared to their peers without MAFLD (3). Thus,
paediatric MAFLD is a major public health challenge because of its elevated
prevalence, associated morbidity and the expected increase in the short- and middle-

term (4).

There is evidence of a muscle-liver crosstalk. Thus, sarcopenia is a risk factor for the
development and progression of MAFLD in adults (5). In this line, a previous study in
adult patients with morbid obesity, shed light on the potential contribution of fatty
infiltration in psoas skeletal muscle mass (i.e., myosteatosis) on the physiopathology of
MAFLD (6). In children, the information available examining the link between
myosteatosis and MAFLD is scarce. We have observed that intermuscular abdominal
adipose tissue (IMAAT) was associated with the presence and the degree of hepatic
steatosis in pre-adolescent children with overweight/obesity, supporting the potential
contribution of IMAAT on the physiopathology of MAFLD (7). Interestingly, Nachit et
al. (6) reported that patients who significantly reduced fat infiltration in the psoas after

either a dietary intervention or bariatric surgery achieved NASH (Non-Alcoholic



SteatoHepatitis) improvement, suggesting that fat infiltration in the skeletal muscle may

be a relevant therapeutic target for patients with MAFLD.

Exercise-based interventions seem to be effective therapeutic approaches for MAFLD
prevention and treatment (8). In our study on preadolescent children with
overweight/obesity, we compared the effect of a 22-week family-based lifestyle and
psychoeducation intervention with the same intervention plus supervised exercise, and
observed that only those children participating in the group that exercised significantly
reduced hepatic fat (nearly 20%) (9). Noteworthy, reductions in hepatic fat were
independent of body mass loss as well as of changes on total and abdominal adiposity.
These findings seem to support the role of myosteatosis as mediator of exercise on
hepatic fat reduction and as therapeutic target of MAFLD; yet, this hypothesis needs
still to be tested in children where obesity and MAFLD prevalence are alarming.
Therefore, the aim of this study was to explore whether the effects of a multicomponent

intervention including exercise on hepatic fat were mediated by changes on IMAAT.

Research design and methods

Study design and study subjects

This study is under the umbrella of the EFIGRO project (NCT02258126), a clinical trial
designed to compare the effect of a family-based lifestyle and psychoeducational
intervention (control group) with the same intervention plus supervised exercise
(exercise group) on hepatic fat percentage in preadolescent children with
overweight/obesity (9). Out of 125 children assessed for eligibility, a total of 116 (aged
8 to 12 years) were allocated to control (N = 57) or exercise (N = 59) groups. Detailed
information about inclusion/exclusion criteria, methodology, design of the intervention

program, etc., can be found elsewhere (9,10). In brief, children were eligible if they



presented overweight or obesity defined by the World Obesity Federation (11), had 8-12
years of age, did not present any medical condition that limited their activity, and did

not have diabetes or any other endocrine disorder.

All parents or legal guardians and their children gave their consent to participate in the
study. The study protocol was approved by the Euskadi Clinical Research Ethics
Committee, following the ethical guidelines of the Declaration of Helsinki (revised

version 2013).

Intervention arms

Children were allocated to the control or exercise groups after baseline measurements.
At baseline, there were no significant difference between the two groups in body mass
index, age and puberty stage (9). The control group received a family-based lifestyle
and psychoeducational intervention (2 sessions/month, 45 min/session) which consists
on a total of 11 sessions focused on the following contents: 1) dietary habits, ii) physical
activity, iii) sleep hygiene, iv) communication skills, and v) feelings and emotions.

Sessions were given separately for parents and children (10).

The exercise group received the same family-based lifestyle intervention plus
supervised exercise training (3 sessions/week, 90 min/session) during 22-week. Briefly,
the exercise intervention consists on high intensity (>76% heart rate peak) aerobic and
resistance training. To encourage children to spend as much time as possible in high
intensity, we used motivation strategies through games. Children were monitored during

the sessions by heart rate monitors (Polar RS300X).

Hepatic fat and intermuscular abdominal fat fraction assessments

Hepatic fat percentage and IMAAT were assessed by magnetic resonance imaging

(Magnetom Avanto, 1.5T, Siemens Healthcare, Germany). Images were acquired with



breath holding during expiration. Sagittal, coronal, and transverse abdominal localizers
(from the diaphragm to the symphysis pubis) were used to determine the accurate
location of each image with respect to the vertebral discs. For hepatic fat quantification,
detailed information can be found elsewhere (10). Briefly, two different 3D gradient-
echo sequences were used in breath-hold, running Siemens Medical System software
v.syngo.MR B17A following the manufacturer instructions (12). For IMAAT, fat
segmentation was calculated at three axial slices (L2-L3, L3, and L4-L5) and the
average was used for analyses. Data processing steps of the IMAAT images can be
found in Fig. 1. Briefly, T1-weighted images were collected. Next, a 2-point Dixon
gradient-echo pulse sequence was used in order to separate the tissue water signal from
the lipid signal, resulting on four different images: water-only, fat-only, in-phase, and
out-of-phase images. Additionally, two images were calculated: fat fraction or
parametric image and 2F — W image (where F is the image of the fat, and W is the
image of the water). Then, Otsu thresholding algorithm was used for analyses (13).
Lastly, a non-supervised clustering (K-means) method was applied to the abdominal
visceral compartment using the fat fraction image (14,15). The medical imaging group

performed all the analyses and were blinded to the participants’ group.

Other potential contributors. sensitivity analyses

For exploratory purposes, we examined the mediating role of cardiometabolic and
diabetes risk factors over the hepatic fat reduction at the end of the intervention. Serum
triglycerides (mmol/L), high- and low-density lipoprotein (mmol/L), insulin (IU/mL),
fasting glucose (mmol/L), homeostatic model assessment, and gamma-glutamyl
transferase (units/L) were measured from morning fasting blood samples collected at

the hospital.



Overall abdominal adiposity was measured by Dual-energy X-ray absorptiometry

(Hologic QDR, 4500W).

Statistics

All data are presented as mean and standard deviation unless specified otherwise. We
assessed normality of the variables used in the analyses by visual (Q-Q plots) and
statistical (Kolmogorov-Smirnov) tests, and therefore, parametric tests were used. To
test whether the effects of the intervention on changes on hepatic fat were mediated by
changes on IMAAT, mediation analyses were performed after adjusting for age, sex,
and hepatic fat at baseline. The unstandardized (B) and standardized beta regression
coefficients are presented for the following equations: 1) regressed the mediator (i.e.,
change in IMAAT) on the independent variable (i.e., group), ii) regressed the dependent
variable (i.e., change in hepatic fat) on the independent variable (group), iii) regressed
the dependent variable on both the mediator and the independent variable. Indirect and
total effect were also presented, and thus, the percentage of the total effect was
computed in order to explain how much of the total effect was explained by the
mediation. As sensitivity analyses, we additionally explored whether other
cardiometabolic and diabetes risk factors (i.e., triglycerides, high-density lipoprotein,
low-density lipoprotein, insulin, glucose, homeostatic model assessment, and gamma-
glutamyl transferase) could further contribute on the hepatic fat reduction. The
mediation analyses are in line with the AGReMA statement (A Guideline for Reporting

Mediation Analyses, https://agrema-statement.org/; Supplemental Content 1) (16).

Further, to explore differences in changes on percentage hepatic fat between participants
(irrespective of their assigned group) who experienced a meaningful change (i.e.,
responders in both groups, Cohen’s d > 0.2, N=59) or not (i.e., non-responders in both

groups, Cohen’s d < 0.2, N = 39) from baseline to post-intervention in IMAAT, paired


https://agrema-statement.org/

t-student test (within-group analyses) and one-way analyses of covariance (between-

group analysis) were applied.

The main analyses are presented following the per protocol principle which comprise
all participants who finished the intervention and attended at least 50% of the family-
based lifestyle and psychoeducational sessions (in the exercise group, no minimum
attendance of exercise sessions was required). As sensitivity analyses, we performed the
analyses using a modified per protocol principle which additionally comprises a
minimum of 50% attendance of the exercise sessions. The intention-to-treat principle
was based on missing values at post-intervention obtained by multiple imputation.
Imputation was performed using the pre- and post-intervention values, age, sex, and

intervention group. Intention-to-treat analyses are presented in Supplemental content.

All the analyses were performed using the Statistical Package for Social Sciences
(SPSS) version 22.0 for Windows (SPSS Inc. Chicago, IL) and its PROCESS macro.
Mediation analyses were applied with a resample procedure of 10000 bootstrap
samples. The difference was considered as significant when the indirect effect
significantly differed from zero. For the rest of analyses, the significance level was set

as o < 0.05. Figures were created with R software (v. 4.0.3, https://cran.r-project.org/).

Results

Descriptive characteristics of the study subjects

Fig. 2 shows the participant flow diagram of this study. Out of 116 children initially
allocated, 98 participants (10.5 = 1.1 years, 56% girls) successfully completed the trial
attending at least 50% of the family-based lifestyle and psychoeducational intervention
with no minimum attendance of exercise sessions for the exercise group, i.e., per

protocol analysis. There was no significant difference in terms of attendance at the

10
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lifestyle- and psychoeducation program sessions between the two groups (control vs.
exercise), either for the parents/caregivers (86.4+12.9% vs. 80.6+15.3%; P=0.334) or
the children (87.2+£12.0% vs. 82.5£14.6%; P=0.496). The mean attendance rate of the
children to the exercise program was 72.0+16.1% sessions. No adverse events were
observed as a consequence of the family-based lifestyle and psychoeducational
intervention, whilst two participants showed exercise-related adverse events including

knee and ankle pain.

Baseline characteristics of the study participants grouped by intervention groups
(control vs. exercise) and by interindividual variability (non-responders vs. responders)

can be found in Table 1 and Supplemental Table S1, respectively.

Linking abdominal muscle fat and hepatic fat: mediation and responders’ analyses

Fig. 3 shows that the reduction of IMAAT explained 20.7% of the effect of the
intervention on percentage hepatic fat at the end of the intervention (indirect effect § = -
0.099, 95% CI =-0.210, -0.010). Intention-to-treat analysis showed similar findings
(Supplemental content Fig. S1). We additionally explored whether other
cardiometabolic and diabetes risk factors (i.e., triglycerides, high-density lipoprotein,
low-density lipoprotein, insulin, glucose, homeostatic model assessment, and gamma-
glutamyl transferase) could further contribute on the hepatic fat reduction. The findings
showed that these factors did not contribute of the effect of the intervention on
percentage hepatic fat at the end of the intervention. The changes in hepatic fat
percentage at the end of the intervention grouped in non-responders and responders for
IMAAT can be found in Fig. 4. In non-responders for IMAAT (i.e., children whose
reduction in IMAAT was <0.2 Cohen’s d), there was no significant reduction of

percentage hepatic fat (change = -1.5%, P = 0.803). In contrast, percentage hepatic fat

11



was significantly reduced in children categorized as responders for IMAAT (change on
percentage hepatic fat=-20%, P = 0.005). Between-group analysis showed that the
reduction on percentage hepatic fat was significantly greater in responders for IMAAT
than in non-responders (-0.6% vs. -18.3%; age, sex and baseline hepatic fat adjusted P =
0.018). Interestingly, further adjustment with changes in overall abdominal adiposity
did not substantially change the result (0.4% vs. -18.9%, P = 0.021). Similar findings
were observed in the infention-to-treat analysis (Supplemental content Fig. S2). As
sensitivity analyses, we repeated the analyses including only children with MAFLD
(i.e., having > 5% hepatic fat, N=22 in the group of responders and N=18 in the group

of non-responders) and we observed similar results (-9.1% vs. -31.1%, P = 0.029).

Finally, we explored whether the effects of exercise on IMAAT and hepatic fat
depended on the number of exercise sessions attended. We observed that there was no
significant correlation between the number of exercise sessions attended and the
changes on IMAAT and hepatic fat in the exercise group (all p > 0.05). As sensitivity
analyses, using a modified per protocol principle, we additionally included a minimum
of 50% of attendance to the exercise sessions (four participants were excluded for not
meeting this per protocol criteria; n total = 94 participants). The results showed similar
findings to the original per protocol principle applied (e.g., changes in IMAAT

explained the 22.6% of the improvements in hepatic fat).

Conclusions

The present study shows the mediating role of the reduction of IMAAT over the
improvement of hepatic steatosis after a multicomponent intervention in children with
overweight/obesity. Indeed, only those children who achieved a meaningful reduction in

IMAAT at the end of the intervention reduced their percentage hepatic fat, and this

12



change was independent of abdominal fat loss. Our data thus suggest that abdominal
muscle fatty infiltration could be a therapeutic target of hepatic steatosis treatments in

children with overweight/obesity.

In the recent years, there is growing interest on the physiopathological mechanisms
linking the muscle-liver axis. Although most of the literature published in this topic is
focused on thigh, psoas or calf muscle fat, there is an emerging body of evidence
focused on abdominal muscle fat (7,17). Nowadays the evidence is still very limited and
focused on animal models (18) or adult population (6,19,20). Our work is the first study
assessing the role of abdominal muscle fat over hepatic fat after a multicomponent
intervention in children with overweight/obesity. In agreement with our findings, Nachit
et al. (6) observed that NASH improvement was associated with a significant decrease
of psoas muscle fat content in patients with morbid obesity after two different
interventions (i.e., 12-month of dietary or bariatric surgery). In this line, at cross-
sectional level, previous authors have shown a relationship between muscle fat content
(measured at thigh, psoas or multifidus muscle level) and fatty liver disease in humans
and animals models (6,19,20). Therefore, it seems that there is a generalized muscle-
liver relationship, independently of the IMAAT area located (21). Further, our previous
results in this cohort of children provide new insights on the abdominal skeletal muscle-
liver association; likewise, children with MAFLD presented higher IMAAT compared
to those without (7). Taking together our findings with the previous literature, it might

be expected that IMAAT reduction is a marker of overall improved myosteatosis.

We previously reported that a multicomponent intervention program, which comprises
exercise training in addition to a family-based lifestyle and psychoeducational
intervention, is more effective reducing percentage hepatic fat (-20%) than the lifestyle

intervention alone (0%) (9). In the current study, we have observed that the effects of

13



the intervention are partially mediated by the reduction of IMAAT. Herein, our results
suggest that the addition of exercise training to the intervention program could be a key
factor for achieving abdominal muscle fat reduction and, then, to reduce in hepatic
steatosis in children with overweight/obesity. A previous study in adolescents with
overweight/obesity showed that regular exercise was effective in reducing intermuscular
adipose tissue at the fascia lata surrounding skeletal muscle, and the adipose tissue area
between muscle bundles, highlighting the usefulness of regular exercise as an important
therapeutic strategy to reduce myosteatosis (22). In this regard, two previous systematic
reviews observed that exercise and weight loss may act directly decreasing IMAAT, and
improving several cardiometabolic risk factors such as insulin sensitivity and
inflammation, muscle strength and quality (23,24). Our results, together with the
reported anti-inflammatory effects of exercise training (23) and the effectiveness of
physical activity on skeletal muscle metabolism (24) suggest that exercise (i.e., acrobic
training, muscular training, and/or its combination) produces specific effects on
abdominal muscle mass reducing IMAAT independently of the effects on other fat
depots. Indeed, skeletal muscle seems to be the major location for whole body insulin-
stimulated glucose disposal (25,26). In adults with obesity and type-2 diabetes, the
increment of IMAAT was associated with insulin resistance (27,28). Overall, the
causative effect of muscle and liver fat can be inferred from the present results and,
therefore, we could state that myosteatosis contributes to MAFLD progression by the
presence of peripheral insulin resistance and/or perturbation of the muscle metabolism
and secretome associated with muscle fat (6,29-31). As example, in a preclinical model
with mice, Nachit et al. (18) observed that severe myosteatosis was a consistent,
specific, and early marker of NASH in MAFLD. Therefore, our findings in children

together with those reported in adolescents (22) and adults (6), reinforce the importance

14



of reducing skeletal muscle fat infiltration, with special emphasis on IMAAT, to

improve liver health and insulin sensitivity.

Limitations and strengths

This study presents limitations: the study design was not entirely strictly randomized
(i.e., 11 children/families were not available to attend the exercise sessions and, thus,
were allocated to the control group); yet, the participants allocated in both groups were
comparable at baseline and adjustments for potential baseline differences between
control and exercise groups were performed in analyses. Moreover, we have repeated all
the analyses excluding those children/families that were not randomized, and the
findings obtained were quite similar to those presented in the main manuscript. On the
other hand, the strengths of this study were: 1) the novelty of the study in children with
overweight/obesity, i1) the relatively large sample size included in the study with
abdominal muscle and hepatic fat measurements using magnetic resonance imaging, iii)
the medical imaging group who analysed the main outcomes of this study (i.e., images
from magnetic resonance imaging) were entirely blinded to the intervention groups, and
1v) the performance of family-based lifestyle and psychoeducational intervention plus

supervised exercise training following pediatric childhood obesity guidelines (32).

Conclusions

In summary, abdominal muscle fat has a relevant role over the reduction on hepatic fat
after a multicomponent intervention in children with overweight/obesity, regardless of
abdominal fat loss. These data indicate that muscle fatty infiltration could be a
therapeutic target already at childhood. Future studies are needed to corroborate or

contrast our findings.

Acknowledgments

15



Authors’ contributions

CC-S.: conception of the study, analysed the data, and drafted the manuscript; FI, RC,
AV, BR-V, MM, and MO: acquisition, analysis, and interpretation of the data, and
critically review the manuscript. FBO and JRR: interpretation of the data, and critically
review the manuscript. IL: conception of the study, analysed and interpretation of the
data, and critically review the manuscript. The authors declare they have seen and
approved the final version of the manuscript. CC-S and IL are the guarantors of this
work and, as such, had full access to all the data in the study and takes responsibility for

the integrity of the data and the accuracy of the data analysis.

Conflict of interest

The authors declare no conflicts of interest that pertain to this work.

Funding

This project was funded by the Spanish Ministry of Health's Fondos de Investigacion
Sanitaria del Instituto de Salud Carlos III (P113/01335), the Spanish Ministry of the
Economy Industry and Competitiveness (DEP2016-78377-R), and by European Regional
Development Funds (ERDF): Una Manera de Hacer Europa. Support was also provided
by the Regional Government of Navarra's Department of Economic Development (0011-
1365-2019-000152 & 0011-1365-2020-000243), co-funded by European Regional
Development Funds (ERDF 2014-2020 for Navarra). CC-S is supported by the Spanish
Ministry of Science and Innovation (FJC2018-037925-1). MM is supported by Junta de
Andalucia and European Union (SNGJ Ref-8025). MO is supported by the Spanish
Ministry of Economy and Competitiveness (BES-2017-080770). This study was
supported by the University of Granada Plan Propio de Investigacion 2021 -Excellence

actions: Unit of Excellence on Exercise, Nutrition and Health (UCEENS)- and the Junta

16



de Andalucia, Consejeria de Conocimiento, Investigacion y Universidades, European

Regional Development Funds (ref. SOMM17/6107/UGR).

17



References

1.

Powell EE, Wong VW-S, Rinella M. Non-alcoholic fatty liver disease. Lancet
[Internet]. 2021 Apr 28; Available from: https://doi.org/10.1016/S0140-

6736(20)32511-3

Anderson EL, Howe LD, Jones HE, Higgins JPT, Lawlor DA, Fraser A. The
Prevalence of Non-Alcoholic Fatty Liver Disease in Children and Adolescents: A

Systematic Review and Meta-Analysis. PLoS One. 2015;10(10):e0140908.

Simon TG, Roelstraete B, Hartjes K, Shah U, Khalili H, Arnell H, et al. Non-
alcoholic fatty liver disease in children and young adults is associated with

increased long-term mortality. J Hepatol. 2021 Nov;75(5):103441.

Lobstein T, Jackson-Leach R. Planning for the worst: estimates of obesity and
comorbidities in school-age children in 2025. Pediatr Obes. 2016 Oct;11(5):321—

5.

Lee Y-H, Jung KS, Kim SU, Yoon H-J, Yun YJ, Lee B-W, et al. Sarcopaenia is
associated with NAFLD independently of obesity and insulin resistance:
Nationwide surveys (KNHANES 2008-2011). J Hepatol. 2015 Aug;63(2):486—

93.

Nachit M, Kwanten WJ, Thissen J-P, Op De Beeck B, Van Gaal L, Vonghia L, et
al. Muscle fat content is strongly associated with NASH: a longitudinal study in
patients with morbid obesity. J Hepatol [Internet]. 2021 Apr 29; Available from:

https://doi.org/10.1016/j.jhep.2021.02.037

Cadenas-Sanchez C, Idoate F, Villanueva A, Cabeza R, Labayen 1. Intermuscular

abdominal fat fraction and metabolic-associated fatty liver disease: Does the link

18



10.

11.

12.

13.

14.

already exist at childhood? Journal of hepatology. Netherlands; 2021.

Medrano M, Cadenas-Sanchez C, Alvarez-Bueno C, Cavero-Redondo I, Ruiz JR,
Ortega FB, et al. Evidence-Based Exercise Recommendations to Reduce Hepatic

Fat Content in Youth- a Systematic Review and Meta-Analysis. Prog Cardiovasc

Dis. 2018;61(2):222-31.

Labayen I, Medrano M, Arenaza L, Maz E, Osés M, Martinez-Vizcano V, et al.
Effects of exercise in addition to a family-based lifestyle intervention program on

hepatic fat in children with overweight. Diabetes Care. 2020 Feb;43(2):306—13.

Medrano M, Maiz E, Maldonado-Martin S, Arenaza L, Rodriguez-Vigil B,
Ortega FB, et al. The effect of a multidisciplinary intervention program on
hepatic adiposity in overweight-obese children: Protocol of the EFIGRO study.
Contemp Clin Trials [Internet]. 2015;45:346-55. Available from:

http://dx.doi.org/10.1016/j.cct.2015.09.017

Cole TJ, Lobstein T. Extended international (IOTF) body mass index cut-offs for

thinness, overweight and obesity. Pediatr Obes. 2012;7(4):284-94.

Kukuk GM, Hittatiya K, Sprinkart AM, Eggers H, Gieseke J, Block W, et al.
Comparison between modified Dixon MRI techniques, MR spectroscopic
relaxometry, and different histologic quantification methods in the assessment of

hepatic steatosis. Eur Radiol. 2015 Oct;25(10):2869-79.

Otsu N. A Threshold Selection Method from Gray-Level Histograms. IEEE

Trans Syst Man Cybern. 1979;9(1):62-6.

SP L, Lloyd S. Least Squares Quantization in PCM. IEEE Trans Inf Theory.

1982;28(2):129-37.

19



15.

16.

17.

18.

19.

20.

21.

Forgy E. Cluster analysis of multivariate data: efficiency versus interpretability

of classifications. Biometrics. 1965;21(3):768-9.

Lee H, Cashin AG, Lamb SE, Hopewell S, Vansteelandt S, VanderWeele TJ, et
al. A Guideline for Reporting Mediation Analyses of Randomized Trials and
Observational Studies: The AGReMA Statement. JAMA. 2021

Sep;326(11):1045-56.

Miljkovic I, Cauley JA, Wang PY, Holton KF, Lee CG, Sheu Y, et al. Abdominal
myosteatosis is independently associated with hyperinsulinemia and insulin

resistance among older men without diabetes. Obesity (Silver Spring). 2013

Oct;21(10):2118-25.

Nachit M, De Rudder M, Thissen J-P, Schakman O, Bouzin C, Horsmans Y, et
al. Myosteatosis rather than sarcopenia associates with non-alcoholic
steatohepatitis in non-alcoholic fatty liver disease preclinical models. J Cachexia

Sarcopenia Muscle. 2021 Feb;12(1):144-58.

Linge J, Ekstedt M, Dahlqvist Leinhard O. Adverse muscle composition is linked
to poor functional performance and metabolic comorbidities in NAFLD. JHEP

reports Innov Hepatol. 2021 Feb;3(1):100197.

Kitajima Y, Hyogo H, Sumida Y, Eguchi Y, Ono N, Kuwashiro T, et al. Severity
of non-alcoholic steatohepatitis is associated with substitution of adipose tissue

in skeletal muscle. J Gastroenterol Hepatol. 2013 Sep;28(9):1507-14.

Chakravarthy M V, Siddiqui MS, Forsgren MF, Sanyal AJ. Harnessing Muscle-
Liver Crosstalk to Treat Nonalcoholic Steatohepatitis. Front Endocrinol

(Lausanne). 2020;11:592373.

20



22.

23.

24.

25.

26.

27.

28.

29.

Lee S, Libman I, Hughan K, Kuk JL, Jeong JH, Zhang D, et al. Effects of
Exercise Modality on Insulin Resistance and Ectopic Fat in Adolescents with
Overweight and Obesity: A Randomized Clinical Trial. J Pediatr. 2019

Mar;206:91-98.¢l.

Addison O, Marcus RL, Lastayo PC, Ryan AS. Intermuscular fat: a review of the

consequences and causes. Int J Endocrinol. 2014;2014:309570.

Ramirez-V¢élez R, Ezzatvar Y, Izquierdo M, Garcia-Hermoso A. Effect of
exercise on myosteatosis in adults: a systematic review and meta-analysis. J Appl

Physiol. 2021 Jan;130(1):245-55.

Klip A, Vranic M. Muscle, liver, and pancreas: Three Musketeers fighting to
control glycemia. Vol. 291, American journal of physiology. Endocrinology and

metabolism. United States; 2006. p. E1141-3.

DeFronzo RA, Tobin JD, Andres R. Glucose clamp technique: a method for
quantifying insulin secretion and resistance. Am J Physiol. 1979

Sep;237(3):E214-23.

Goodpaster BH, Thaete FL, Kelley DE. Thigh adipose tissue distribution is
associated with insulin resistance in obesity and in type 2 diabetes mellitus. Am

J Clin Nutr. 2000 Apr;71(4):885-92.

Maltais A, Alméras N, Lemieux I, Tremblay A, Bergeron J, Poirier P, et al.
Trunk muscle quality assessed by computed tomography: Association with
adiposity indices and glucose tolerance in men. Metabolism. 2018 Aug;85:205—

12.

Das DK, Graham ZA, Cardozo CP. Myokines in skeletal muscle physiology and

21



30.

31.

32.

metabolism: Recent advances and future perspectives. Acta Physiol (Oxf). 2020

Feb;228(2):¢13367.

Eckel J. Myokines in metabolic homeostasis and diabetes. Diabetologia. 2019

Sep;62(9):1523-8.

De Fré CH, De Fré MA, Kwanten WJ, Op de Beeck BJ, Van Gaal LF, Francque
SM. Sarcopenia in patients with non-alcoholic fatty liver disease: is it a clinically
significant entity? Obes Rev an Off J Int Assoc Study Obes. 2019

Feb;20(2):353-63.

Styne DM, Arslanian SA, Connor EL, Farooqi IS, Murad MH, Silverstein JH, et
al. Pediatric Obesity—Assessment, Treatment, and Prevention: An Endocrine
Society Clinical Practice Guideline. J Clin Endocrinol Metab [Internet]. 2017

Mar 1;102(3):709-57. Available from: https://doi.org/10.1210/jc.2016-2573

22



Table 1. Baseline characteristics of the children participating in the study across

intervention groups.

Control group

Exercise group

N Mean, SD N  Mean, SD
Age (years) 57 10.6,1.1 59 10.5,1.0
Body mass index (kg/m?) 57 252,28 59 25.8,3.7
Hepatic fat (%) 56 53,29 59 6.0,4.8
IMAAT (%) 57 7.0,1.1 59 72,09
N n, % N n%
Girls 57  30,52.6 59 32,542
Tanner stage
Telarche or gonadarche 55 53
I 20, 36.4 22,41.5
I 20, 36.4 12,22.6
I 12,21.9 11,20.8
v-v 3,55 8, 15.1
Pubarche 55 53
I 20, 36.4 17,32.1
I 22,40.0 20, 37.7
I 7,12.7 10, 18.9
v-v 6,10.9 6,11.3
MAFLD presence 56 23,41.1 59 28,475

IMAAT: Intermuscular abdominal adipose tissue. MAFLD: Metabolic-associated fatty liver disease.
Control group consisted on two family-based lifestyle and psychoeducational sessions/month. Exercise

group consisted on two family-based lifestyle and psychoeducational sessions/month plus 3
sessions/week of supervised high-intensity exercise. MAFLD presence was defined as having > 5%

hepatic fat.
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Figure legends

Figure 1. Intermuscular abdominal adipose tissue processing steps.

F: Fat. IMAAT: Intermuscular abdominal fat fraction. SIF: Fat-only. SIW: Water-only.

Figure 2. Flow diagram of the data collection and analysis of the study.

ITT: Intention-to-treat. MRI: Magnetic Resonance Imaging. Control group consisted on two family-based lifestyle
and psychoeducational sessions/month. Exercise group focused on two family-based lifestyle and psychoeducational
sessions/month plus 3 sessions/week of supervised high-intensity exercise.

Figure 3. Mediation model to determine whether changes in IMAAT mediated changes
in hepatic fat percentage. Per protocol analysis.

Data presented following per protocol analysis, i.e., attending at least 50% of the educational program sessions (in
the exercise group, no minimum attendance of exercise sessions was required). Analyses were adjusted for baseline
values, age, and sex. Delta (A) expresses the outcome at post-intervention with respect to baseline.

B: Standardized beta coefficient. CI: Confidence Interval. IMAAT: Intermuscular abdominal adipose tissue.

Figure 4. Changes in hepatic fat (%) in the group of children who did not experience a
meaningful intermuscular abdominal adipose tissue (IMAAT) reduction (non-
responders) and in the group of children who experience a meaningful IMAAT
reduction (responders) after the intervention. Per protocol analysis.

Panel A shows boxplots of the hepatic fat percentage by IMAAT non-responders (coloured in grey colour) and
responders (colour in pink colour) at baseline (pre) and after 22-week intervention. The ends of the boxes in the
boxplots are located at the first and third quartiles, with the black line in the middle illustrating the median. Whiskers
extend to the upper and lower adjacent values, the location of the furthest point within a distance of 1.5 interquartile
ranges from the first and third quartiles. The parallel line plot contains 1 vertical line for each participant which
extends from their baseline to their 22-week value. Descending lines indicate a reduction in hepatic fat. Participants
were classified as responders when they reduce the IMAAT fat fraction after the intervention (Cohen’s d > 0.2),
whilst non-responders were categorized for those participants who did not experience a reduction (Cohen’s d <0.2).
Pre-test values are placed in ascending order for the non-responders’ group (in black colour) and descending order for
the responders’ group (in pink colour). Panel B shows boxplots of the change in hepatic fat percentage. Changes were
calculated as post- minus pre-intervention values. Analyses were adjusted for baseline values, age, and sex.

Data analyses were conducted under per protocol principle, i.e., attending at least 50% of the educational program

sessions (in the exercise group, no minimum attendance of exercise sessions was required).
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Equation c

B=-1.075
p=-0.331
Group P =0.005 | . o
(Control vs. Intensive) A Hepatic fat (%)
Equation a A IMAAT fat fraction (%) Equation b
B =-0.294 B=0.753
p=-0.486 B =0.140
P=0.004

P =0.050

Group

A 4

1 0
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Equation ¢’

B =-0.853
B=-0.262
P =0.028

Indirect effect
B (CI)=-0.222 (-0.482,-0.021)
p (CI)=-0.099 (-0.210,-0.010)
Percentage of the total effect=20.7%
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